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; Summary The prevalence and titre of epitope-specific 
I autoantibodies to glutamic acid decarboxylase 
\ (GAD65) in 155 insulin-dependent diabetic (IDDM) 
j and 9 GAD65 antibody (Ab)-positive healthy chil- 
1 dren were determined using four GAD65/67 chimaer- 
ic molecules which discriminate among the N-termi- 
] nal (N), middle (M) and C-terminal (C) epitopes of 
| GAD65. Radioligand binding assays for IgG Ab used 
"\ immunoprecipitation of in vitro translated 35 S-GAD. 
j We found autoantibodies to GAD65 in 116 of 155 
1 (75%), to GAD67 in 19 of 155 (12%) (p < 0.0001) 
j and to the GAD65-N-67 chimaera in 25 of 155 (16 %) 
i [p < 0.0001) IDDM sera. GAD67Ab were found al- 
| most exclusively (17 of 19, 89 %) in GAD65Ab-posi- 
tive sera and the levels of GAD67 Ab correlated with 
those of GAD65Ab (^ = 0.5913; p = 0.009). GA- 
D65Ab directed to GAD65-M were found in 104 of 
155 (67 %), to GAD65-C in 104 of 155 (67 %) and to 
j GAD65-M + C in 116 of 155 (75 %) of IDDM sera, 

i ■ 

i 

! The M r 65 000 isof orm of glutamic acid decarboxylase 
* (GAD65) [1] is the single isoform expressed in hu- 
i man islets and represents the 64 K islet autoantigen 
1 originally detected in sera from patients with insulin- 
I dependent diabetes mellitus (IDDM) [2-4]. GAD65 
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and indicated reactivity to at least two distinct epi- 
topes. Among the nine GAD65Ab-positive healthy 
children, two (22 %) were also positive with GAD67, 
nine (100 %) with GAD65-M + C, seven (78 %) with 
GAD65-M, eight (89%) with GAD65-C and two 
(22%) with GAD65-N-67. Titres of GAD65Ab 
(p = 0.007), GAD65-C-Ab (p = 0.002) and GAD65- 
C + M-Ab (p = 0.003), but not of GAD65-M-Ab 
(p = 0.101) were significantly higher in IDDM than in 
healthy children. We conclude that GAD65Ab in 
IDDM and healthy children are directed to middle 
and C-terminal epitopes, and propose that levels of an- 
tibodies specifically directed to the carboxy-terminal 
end of GAD65 may distinguish IDDM from healthy 
children. [Diabetologia (1996) 39: 1091-1098] 

Keywords Insulin-dependent diabetes mellitus, auto- 
immunity, autoantibodies, radioimmunoassay, recom- 
binant protein. 



autoantibodies (GAD65Ab) occur in 70-75% of 
recent-onset IDDM patients in both Caucasian [5-9] 
and other ethnic groups [10, 11]. In contrast, autoanti- 
bodies to the M r 67000 isoform of GAD (GAD67) 
occur in only 15-20 % of IDDM patients [8, 9] and, 
in most instances, epitopes are shared between the 
two GAD isoforms [11]. The presence of GAD65Ab 
in healthy first-degree relatives of IDDM patients 
may be predictive for IDDM [12] especially in indi- 
viduals positive for other IDDM-related markers 
such as islet cell antibodies (ICA) or insulin autoanti- 
bodies [13]. However, a limitation in the use of hu- 
moral immune markers to predict IDDM is the inad- 
equate sensitivity and specificity of currently avail- 
able assays in relation to the low prevalence of IDDM 
in the general population [14, 15]. Accordingly, the 
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identification of IDDM-specific GAD65 Ab epitopes 
and the titration of epitope-specific GAD65Ab may 
increase the positive predictive value of this marker 
for IDDM. 

In IDDM sera, GAD65Ab appear to be predomi- 
nantly directed to epitopes located to the middle 
(M) and carboxy-terminal (C) regions of GAD65 
[16, 17]. In contrast, GAD65Ab associated with other 
autoimmune diseases, such as stiff-man syndrome or 
the autoimmune polyendocrine syndrome type I, are 
directed to a different and probably broader spectra 
of epitopes [18-20]. 

The frequency of GAD65Ab in healthy individu- 
als is low, at approximately 2 % or less [8, 9, 11] and 
no information is currently available on their epi- 
topes. Epitope analysis of a large number of recent- 
onset IDDM patients is needed to determine disease 
specificity and levels of IDDM-associated epitope- 
specific GAD65Ab. Development of different epi- 
tope-specific autoantibodies among IDDM patients 
may indicate different pathways of pathogenesis, 
while the conservation of autoantibody epitopes may 
suggest common mechanisms in the formation of 
GAD65 Ab in the pathogenesis of IDDM. 

The aim of the present study was to use hybrid 
molecules generated by substitution of regions of 
GAD65 with homologous regions of GAD67 to de- 
termine the diagnostic sensitivity of epitope-specific 
GAD65 autoantibodies for IDDM in a large group 
of Swedish recent-onset childhood IDDM patients 
and a group of GAD65Ab-positive healthy school- 
children. 



Subjects, materials and methods 

Human serum samples. Serum samples from 155 Swedish re- 
cent-onset IDDM patients (male/female ratio: 84/71; age 1- 
18 years) and from 84 GAD65 Ab-negative healthy children 
(male/female ratio: 37/47, age 8-18 years) previously used to 
develop a semi-automated radiobinding assay for GAD65Ab 
[21], were used in this study. The IDDM children were consec- 
utively diagnosed during the period 1988-1992 at St. Gorans 
Hospital, Stockholm, Sweden. GAD65Ab were detected in 
116 of 155 (75 %) IDDM patients and 1 of 85 (1.2 %) healthy 
individuals [21]. To analyse the GAD65Ab epitopes among 
healthy individuals, we used the sera from nine GAD65Ab- 
positive Swedish healthy children. One of the GAD65Ab-pos- 
itive sera was identified from the group of 85 healthy children 
recruited from the Stockholm area [21]. The remaining eight 
healthy sera were identified by screening of sera from 320 
Swedish children (0-14 years of age) selected in a previous 
study [22] as matched control subjects to 494 Swedish IDDM 
children (GAD65Ab frequency 70%; A. Falorni unpublished 
data). 

The present study was approved by the ethical committee 
of the Karolinska Institute. 

Rabbit antisera. Rabbit antisera were raised by immunization 
with synthetic peptides corresponding to peptides specific for 
human GAD65 or rat GAD67 [23]. The antiserum 10266 was 



GAD65 

8100 5482 



GAD67 



GAD65 1 . 83 /67 j 



89-593 



1 83 



(GAD65) 



(GAD67) 



(GAD65-N-67) 



89 593 

GAD65 1 . 360 /67 369 . 593 

1 360 



369 593 

GAD65 1 . 360 /67 369 -4 45 /65 4 



(GAD65-M) 




GAD67^ 45 /65 437 . 585 



[ 



(GAD65-M+C) 



(GAD65-C) 



Fig.L Schematic representation of the chimaeric molecules 
used in the study. Numbers are amino acid positions in human 
GAD65 or rat GAD67. Positions of the peptides recognized 
by the rabbit antisera used in this study are shown 



raised with a peptide corresponding to amino acids 2-19 of rat 
GAD67, 7309 with a peptide corresponding to amino acids 4- 
22 of human GAD65, 8100 with a peptide corresponding to 
amino acids 250-269 of human GAD65, and 5482 with a pep- 
tide corresponding to amino acids 405-418 of human GAD65. 

Construction of chimaeric molecules. Full-length human 
GAD65 cDNA [1] was inserted into the vector pcDNAII (In- 
vitrogen Corp., San Diego, Calif., USA), and the resultant 
clone coded pEx9 [8]. Full-length rat GAD67 cDNA [24] was 
inserted into pGEM4 (Promega, Madison, Wis., USA) and 
coded pExl2 [8]. The cDNA of rat GAD67 was a kind gift 
from Dr. B. Michelsen (Hagedorn Research Institute, Gent- 
ofte, Denmark). The rat GAD67 isoform shows 98 % amino 
acid sequence identity to the human GAD67 isoform [25] and 
is referred to as GAD67. 

Figure 1 shows a schematic representation of the chimaeric 
molecules used in this study. The designations of epitope reac- 
tivity of the different molecules are specified in Table 1. 

To evaluate the immunoreactivity of the amino-terminal re- 
gion of human GAD65, we used the DNA coding for a chima- 
eric molecule containing the amino-terminal region of rat 
GAD65 (aa 1-83) in fusion with the central/carboxy-terminal 
regions of rat pAD67 (aa 89-593). The chimaera was coded 
GAD65 1 _ 83 /67 89 _ 593 . This chimaeric cDNA, a kind gift from 
Dr. P. De Camilli, Yale University, New Haven, Conn., USA 
[26], was excised from the original pRC/RSV vector and sub- 
cloned into pcDNAII. This molecule detects reactivity against 
GAD65-N-67 (Table 1). 

The GAD65 u36 J61 369 _ m chimaeric molecule was con- 
structed first by primer extension of a fragment coding for rat 
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Table 1. GAD chimaeric molecules used to detect G AD65 middle and C-terminal epitopes as well as G AD67 autoantibodies 
I g^aeric molecule Autoantibody primarily detected Designation 
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GAD65 1 _ 36 o/GAD67 369 _ 59 3 
GAD67 1 _44 5 /GAD65 4 3 7 _ 585 
GAD65 1 _3 6 o/GAD67 369 _ 44 5/GAD6543 7 _5 85 
GAP65i_g 3 /GAD67 89 _ 593 



Middle epitope of GAD65 
C-terminal end epitope of GAD65 
Middle and C-terminal epitopes of GAD65 
GAD67 epitopes and N-terminal GAD65 



GAD65-M 
GAD65-C 
GAD65-M + C 
GAD65-N-67 



GAD67 368 _ 593 in pExl2 using a primer containing a Bgl II rec- 
ognition sequence (AGA TCT) immediately upstream the 
GAD67 coding sequence, and a primer containing a Xba I rec- 
ognition sequence (TCT AGA) downstream of the stop codon 
XAA. Then, by taking advantage of the single Bgl II site in hu- 
man GAD65 (base 1073) and of the Xba I cloning site in the 
vector, the Xba 1-fBgl II-cut amplified GAD67 368 _ 593 DNA 
fragment was cloned into the Xba l-IBgl II-cut pEx9, down- 
stream of and in-frame with the DNA coding for GAD65 1 _ 359 . 
This molecule detects antibodies reactive with the middle epi- 
tope of GAD65 (GAD65-M; Table 1). 

The DNA of a GAD65 1 _ 360 /67 36 c M45 /65 437 _ 585 chimaera was 
constructed by taking advantage of a single Aat II site (base 
1300) in the DNA of GAD65 1 _ 360 /67 369 _ 593 chimaera. The DNA 
fragment coding for G AD65 437 _ 585 was generated by primer ex- 
tension of pEx9 using a primer containing an Aat II recognition 
sequence (GAC GTC) immediately upstream of the GAD65 
sequence, and a downstream primer containing both a stop co- 
don (TAA) and a Xba I recognition sequence. The Aat II-/ Xba 

I- cut GAD65 437 _ 5g5 DNA was ligated into the Aat ll-IXba I-cut 
DNA coding for GAD65 1 _ 360 /67 369 _ 593 . This molecule is used to 
detect autoantibodies against both the middle and C-terminal 
end part of GAD65 (GAD65-M + C; Table 1). 

To test the immunoreactivity of the carboxy-terminal re- 
gion of human GAD65, the DNA for a GAD67 1 _ 445 /65 437 _5 85 
chimaera was constructed using the single Aat II site in both 
rat GAD67 and GAD65 1 _ 360 /67 369 _ 4 4 5 /65 437 _ 585i and the single 
Sac I site in both the pcDNAII vector (containing the DNA 
coding for GAD65 1 _ 360 /67 369 ^4 5 /65 437 „ 585 ) and the pGEM4 vec- 
tor (containing the DNA coding for GAD67). The Sac VI Aat 

II- cut GAD67 l _ 445 DNA was ligated into the Sac 1-fAat II-cut 
DNA coding for GAD65 437 _ 585 . It should be noted that 
GAD65 570 _ 585 is identical to the homologous region in 
GAD67 [1, 24, 25], The GAD67i^4 5 /65 437 _ 585 chimaera detects 
autoantibodies against the C-terminal end of GAD65 
(GAD65-C; Table 1). 

Primer extension reactions were carried out using Taq 
DNA polymerase (Promega), and the amplified DNA prod- 
ucts were purified from a low melting agarose (Gibco BRL, 
Gaithersburg, Md., USA) gel. All restriction enzymes were 
from New England Biolabs, Beverly, Mass., USA. DNA liga- 
tion was carried out using T4 DNA ligase (Gibco BRL) and 
an overnight incubation at 16 °G The ligation buffer was sup- 
plemented with ATP at a final concentration of 1 mmol/1. The 
ligated products were electroporated into competent XL1- 
blue Escherichia coli cells. After transformation, screening of 
clones was carried out by digestion with selective and informa- 
tive restriction enzymes. For subsequent DNA sequencing and 
in vitro transcription/translation, large-scale DNA preparation 
was performed using a commercially available kit (Qiagen 
Inc., Chatsworth, Calif., USA). The DNA sequences of all the 
constructed chimaeric molecules were confirmed by analysis 
using the Taq DyeDeoxy™ Terminator Cycle Sequencing kit 
from Applied Biosystems, Foster City, Calif., USA. 

In vitro transcription/translation and immuno precipitation of 
GAD65, GAD67 and chimaeric molecules. An in vitro coupled 
transcription/translation system with SP6 RNA polymerase 



and nuclease treated rabbit reticulocyte lysate (Promega) was 
used to prepare 35 S-labelled GAD and chimaeric molecules 
following procedures described previously [8, 21]. Efficiency 
of the in vitro translation was evaluated by determination of 
the trichloroacetic acid (TCA) precipitable radioactivity [8, 
21]. The TCA precipitable radioactivity was: 485000 ±64 000 
cpm/ul with GAD65 1 _s 3 /67 89 _ 593 , 550000 ±90000 cpm/ul with 
GAD65 1 _ 360 /67 369 _ 593 , 510000 + 87000 cpm/ul with GAD65 
i-360^7369-V65 43 7_58 5 , 445000 ± 75000 cpm/ul with GAD67 1 _ 445 / 
65 437 _ 585 , and 435000152000 cpm/ul with GAD67, represent- 
ing 35 ± 4, 39 ± 6, 36 ± 6, 32 ± 5, and 31 ± 4 % of incorporated 
radioactivity, respectively. These values are similar to those ob- 
tained with human GAD65 [21]. 

The in vitro translated 35 S-radiolabelled GAD or hybrid 
molecules (15000 cpm of TCA precipitable radioactivity in 
triplicate) were immunoprecipitated overnight with human se- 
rum or rabbit antiserum (final dilution 1:25), and the antibody- 
bound and free antigen separated by protein A-Sepharose us- 
ing a multiwell-adapted (Millipore Co., Bedford, Mass., USA) 
procedure described in detail elsewhere [21], The results were 
expressed as relative indices using one positive and two nega- 
tive standard sera previously described [8, 21]. Based on the re- 
sults of assays (data not shown) with GAD-specific rabbit anti- 
sera [23] and the GAD65Ab-positive Juvenile Diabetes Foun- 
dation (JDF) world standard for islet cell antibodies (ICA) 
the following positive standard sera were used in the different 
assays: the 7309 antiserum in GAD65-N-67 (GAD65^ 83 / 
67 89 _ 593 ) and GAD65-M (GAD65 1 _ 360 /67 369 _ 593 ), the JDF world 
standard in GAD65, GAD65-M + C (GAD65 l _ 360 /67 369 _ 445 / 
65 437 _ 585 ) and in GAD65-C (GAD67 1 ^ 45 /65 437 _5 85 ) antibody as- 
says, and the 10266 antiserum in the GAD67Ab assay. As neg- 
ative standards the sera from two healthy individuals [9, 21] 
were used. Upper levels of normal of the assays were evaluated 
as mean + 3SD of the indices of the sera from 84 GAD65 Ab- 
negative healthy individuals. 

Our GAD65 Ab assay participated in the First [27] and Sec- 
ond [28] International Workshops for the Standardization of 
GAD Antibody Determination and was characterized by the 
highest sensitivity and specificity. Additionally, in the 1995 
Combined Autoantibody Workshop (unpublished data) our 
GAD65 Ab assay had a diagnostic sensitivity of 72 %, as tested 
in IDDM sera, and a diagnostic specificity of 100%, as tested 
in healthy sera. 



Statistical analysis 

Differences in antibody frequency between IDDM patients 
and healthy control subjects or between different assays were 
evaluated using the chi-square test with Yate's correction 
whenever appropriafe or the Fisher's exact test. Correlations 
among levels of antibodies to the different GAD molecules 
were analysed by Spearman's rank correlation test after loga- 
rithmic transformation of antibody indices. Differences in anti- 
body levels between IDDM and healthy children were tested 
using the non-parametric Mann-Whitney test. A p value less 
than 0.05 was considered significant. 
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Results 

The immunoreactivity of the constructed chimaeric 
molecules was first tested using GAD -specific rabbit 
antisera and the JDF world standard for ICA 
(Fig. 2). The sera from two healthy individuals were 
used as negative controls. The immunoprecipitation 
of the chimaeric molecules with the rabbit antisera 
raised by immunization with synthetic peptides of ei- 
ther human GAD65 or rat GAD67 was identical to 
that predicted to result from the construction strate- 
gies. 
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GAD65Ab and GAD67Ab in ID DM children. GAD65 
Ab were found in 116 of 155 (75 %) of our panel of 
IDDM patient sera [21]. When the samples were anal- 
ysed for GAD67Ab (upper level of normal: 0.02), 19 
of 155 (12%) were positive, significantly less than 
GAD65Ab (x 2 = 120.9, p< 0.0001) (Table 2). As 
many as 17 of 19 (89%) of the GAD67Ab-positive 
samples were also GAD65Ab-positive. The levels of 
GAD67Ab correlated with the levels of GAD65Ab 
(r 2 = 0.5913,p = 0.009) (Fig. 3 A) and in 15 of 17 double 
positive sera the GAD65 index was higher than 0.6 
(65th percentile IDDM patients). However, it was not- 
ed that only 15 of 34 (44 %) samples with a GAD65 in- 
dex greater than 0.6 were positive for GAD67 Ab. 

GAD65-N-terminal Ab in IDDM children. Using an 
upper level of normal of 0.02, 25 of 155 (16%) 
IDDM patients were positive for antibodies to the 
GAD65-N-67 (GAD65 1 ^ 3 /67 89 _ 593 ) chimaera, signifi- 
cantly less than GAD65Ab (x 2 = 105.4, p < 0.0001) 
but not GAD67Ab (x 2 = 0.662, p = NS) (Table 2). A 
total of 23 of 25 (92%) positive samples were also 
GAD65Ab-positive and 18 of 25 (72 %) were GAD67 
Ab-positive. The two GAD65Ab-negative, GAD65- 
N-67-Ab-positive samples were also positive for 
GAD67Ab. 

GAD65 middle epitope Ab in IDDM children. The 
GAD65-M (GAD65 1 _3 60 /67 369 _ 593 ) chimaera reacted 
similar to GAD65 (Table 2). In particular, using an 
upper level of normal of 0.035, 104 of 155 (67%) 
IDDM patients were positive for middle-epitope Ab, 
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Fig.2. Immunoprecipitation (%) of human GAD65, rat 
GAD67 and GAD chimaeric molecules with a healthy human 
serum, the JDF world standard IDDM serum and four rabbit 
antisera directed against amino acids 2-19 of rat GAD67 
(10266), amino acids 4-22 of human GAD65 (7309), amino ac- 
ids 250-269 of human GAD65 (8100), and amino acids 405- 
418 of human GAD65 (5482) 



Table 2. Frequency of antibodies to GAD65, GAD67 and GAD chimaeric molecules in IDDM children 


35 S-GAD antigen 8 


Total frequency 


Frequency among 
GAD65Ab-positive sera 


Antibody index b 


GAD65 

GAD65-C 

GAD65-M 

GAD65-M + C 

GAD65-N-67 

GAD67 


116/155 (75%) 
104/155 (67%) 
104/155 (67%) 
114/155 (74%) 
25/155 (16%) 
19/155 (12%) 


116/116(100%) 
104/116(90%) * 
104/116(90%) 
114/116 (98%) 
23/116 (20%) 
17/116(15%) 


0.297 (0.033-5.715) 
0.422 (0.101-5.061) 
0.234 (0.047-3.598) 
0.355 (0.086-3.915) 
0.055 (0.022-0.918) 
0.061 (0.023-1.225) 



a 35 S-GAD antigen specified in Table 1; 

b median (range) in antibody-positive patients 
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n0 t different from GAD65 Ab (x 2 = 1.89, p = NS) but 
significantly higher than GAD67Ab (x 2 = 95.1, 
p< 0.0001). All the GAD65-M-Ab positive samples 
were also GAD65Ab-positive. The levels of middle- 
epitope Ab strongly correlated (r 2 = 0.901, p < 0.001) 
^th the levels of GAD65Ab (Fig.3B). Only 12 of 
116 (10%) GAD65Ab-positive IDDM sera were 
negative in the middle-epitope Ab assay which sug- 
gests that the middle epitope is critical for the 
[DDM-associated GAD65Ab development. 

GAD65 C-terminal end epitope (GAD65-C) Ab in 
[DDM children. Using an upper level of normal of 
0099, 104 of 155 (67%) IDDM sera were positive 
[or GAD65-C-Ab (GAD67 1 _ 445 /65 437 _ 585 ) (Table 2), 
not different from GAD65Ab (x 2 = 1.89, p = NS) but 
higher than GAD67Ab (x 2 = 95.1, p< 0.0001). All 
the positive samples were also positive for GAD65 
Ab and the levels of GAD65-C-Ab correlated 
(r^ 0.925, p< 0.001) with GAD65Ab levels 
(Fig. 3D). As many as 96 of 104 (92%) positive sam- 
ples were also positive for GAD65-M-Ab. In eight 
samples, GAD65-C-Ab were found in the absence of 
GAD65-M-Ab. Similarly, eight GAD65-C-Ab-nega- 
tive samples were positive for GAD65Ab and for 
GAD65-M-Ab. 

GAD65-M + C-Ab in IDDM children. Using an up- 
per level of normal of 0.085, 116 of 155 (75%) 
IDDM sera were positive for GAD65-M + C-Ab 
(GAD65 1 _3 60 /67 369 _ 445 /6543 7 _ 585 ) (Table 2) and the lev- 
els correlated (x 2 = 0.95, p < 0.001) with GAD65Ab 
levels (Fig.3C). 

Analysis of GAD65Ab in IDDM patients. Based on 
the results of the GAD65Ab and GAD67Ab assays, 
we identified four groups of IDDM patients 
(Rg.4A): 1) GAD65Ab- and GAD67Ab-negative 
subjects (n = 37, 24%), 2) GAD65Ab-positive and 
GAD67Ab-negative subjects (w = 99, 64%), 3) 
GAD65Ab- and GAD67Ab-positive subjects 
(n = 17, 11 %), 4) GAD65Ab-negative and GAD67 
Ab-positive subjects (n - 2, 1%). The use of a 
GAD65 1 ^ 3 /67 89 _ 593 chimaera allowed us to identify 
93 of 155 (60%) IDDM patients, representing 80% 
(93 of 116) of the GAD65 Ab-positive subjects, who 
had antibodies uniquely directed to epitope (s) spe- 
cific for GAD65 and localized in the GAb65g4_ 585 
region. Of the remaining GAD65Ab-positive 
IDDM patients 17 had antibodies against epitope(s) 
common to both GAD65 84 _ 585 and GAD67 89 _ 593 . In 
only 6% (7 of 116) of the GAD65Ab-positive sub- 
jects, low levels of antibodies directed to GAD65 1 _ 83 
were detected. These patients were positive for 
both GAD65Ab and GAD65-N-67-Ab but negative 
for GAD67Ab. However, it should be noted that in 
all the 23 GAD65 Ab-positive IDDM patients having 
antibodies to GAD67 or to GAD65 X _^, high levels 
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Fig. 3 A-D. Correlations of GAD65Ab levels with A GAD67- 
Ab levels (^ = 0.5913, p = 0.009), B GAD65-M-Ab levels 
(r 2 = 0.901, p < 0.001), C GAD65-M + C-Ab levels (r 2 = 0.95, 
p < 0.001), and D GAD67-C-Ab levels (r 2 = 0.925, p < 0.001). 
Dotted lines show upper levels of normal in each antibody assay 
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Fig. 4 A, B. Dissection of GADAb in IDDM children. Per- 
centages are frequencies of antibody-positive subjects in the 
total IDDM population studied (A) or in GAD65Ab-positive 
IDDM children (B). *Note that 4 of 116 (3 %) GAD65 Ab-pos- 
itive IDDM children were both GAD65-C and GAD65-M an- 
tibody negative 
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Table 3. Frequency of antibodies to GAD65, GAD67 and 
GAD chimaeric molecules in GAD65 Ab-positive healthy chil- 
dren 



35 S-GAD 
antigen 3 


Frequency among 
GAD65 Ab-positive 
sera 


Antibody index 5 


GAD65 


9/9 (100%) 


0.096 (0.044-0.825) 


GAD65-C 


8/9 (89%) 


0.135 (0.106-0.951) 


GAD65-M 


7/9 (78%) 


0.105 (0.052-0.752) 


GAD65-M + C 


9/9 (100%) 


0.122 (0.095-O.798) 


GAD65-N-67 


2/9 (22%) 


0.052 (0.040-0.064) 


GAD67 


2/9 (22%) 


0.067 (0.045-0.089) 



a 35 S-GAD antigen specified in Table 1; 

b median (range) in antibody-positive patients 



of GAD65Ab were detected, suggesting that anti- 
bodies to one or more GAD65-specific epitopes lo- 
calized in GAD65 84 _ 585 were present also in those pa- 
tients. 

In 96 of 116 (83%) of the GAD65Ab-positive 
sera, antibodies were found against both the middle 
and C-terminal end GAD65 epitopes (Fig.4B). In 8 
of 116 (7%) GAD65 Ab-positive sera, middle but 
not C-terminal end Ab were found. Similarly, in 8 of 
116 (7%) GAD65 Ab-positive sera, C-terminal but 
not middle Ab were found. Only 4 of 116 (3%) 
GAD65 Ab-positive sera were negative for both mid- 
dle and C-terminal end Ab. 

Frequency of autoantibodies to chimaeric GAD mole- 
cules in healthy individuals. Using the same upper lev- 
els of normal (see above), none of the 84 GAD65 Ab- 
negative serum samples from healthy Swedish sub- 
jects were found to be positive in any of the assays us- 
ing chimaeric molecules between GAD65 and 
GAD67. One healthy serum sample was positive for 
GAD67Ab. 

To evaluate whether the GAD65 autoantibody 
epitopes present in healthy children might be differ- 
ent from those observed in IDDM patients, the sera 
from nine healthy, GAD65 Ab-positive children were 
tested with GAD67 and all the chimaeric molecules 
(Table 3). Among the GAD65Ab-positive sera, 2 of 
9 (22%) were also GAD67 Ab-positive. When tested 
with the chimaeric molecules, seven of nine (78%) 
sera were positive for GAD65-M-Ab, nine of nine 
(100%) sera were positive for GAD65-M + C-Ab, 
and eight of nine (89 %) for GAD65-C-Ab, but only 
two of nine (22%) were positive for GAD65-N-67- 
Ab. The two serum samples positive for both 
GAD65 Ab and GAD67Ab were also positive for an- 
tibodies to the chimaeric molecules. 

The titre of GAD65 Ab (p = 0.007), GAD65-C-Ab 
(p = 0.002) and GAD65-M + C-Ab (p = 0.003), but 
not of GAD65-M-Ab (p = 0.101) was significantly 
lower in antibody-positive healthy subjects than in 
antibody-positive IDDM patients. 



Discussion 

In the present study, we tested 155 IDDM sera 
against four hybrid molecules constructed by substi- 
tuting regions of human GAD65 with homologous re- 
gions of rat GAD67. We found that: 1) at least two 
major and distinct GAD65-specific antibody epitopes 
are localized to the middle (aa 84-360) and carboxy- 
terminal (aa 437-570) domains of human GAD65 
(note that the GAD65 570 _ 5g5 sequence is identical to 
the homologous region in GAD67 [1, 24, 25]; 2) a 
conservation of GAD65-specific antibody epitope re- 
gions characterizes the IDDM patients and 3) titres 
of carboxy-terminal GAD65 epitope-specific anti- | 
bodies are significantly higher in IDDM patients \ 
than in healthy control subjects and may distinguish J 
IDDM from healthy children. • 

These results are in agreement with previous re- I 
ports on GAD65Ab epitopes in IDDM. In a few hu- i 
man GAD-reactive monoclonal antibodies from f 
IDDM patients [16, 29] epitopes were located to- « 
wards the carboxy-terminal and middle part of the 
GAD65 molecule [16]. Experiments with deletion 
mutants and chimaeric molecules between GAD65 
and GAD67 confirmed the location of the IDDM- 
specific epitopes [16, 17, 30, 31]. However, the use of 
deletion mutants may complicate the interpretation 
since the IDDM-related GAD65Ab recognise con- 
formational epitopes. 

Recently, using 12 IDDM sera and chimaeric mol- 
ecules between GAD65 and GAD67, Daw and Pow- 
ers [17] showed the presence of two distinct IDDM- 
related GAD65Ab epitopes, located to amino acids 
240-435 and to amino acids 451-570. Our data con- 
firm and extend these results. We located the two ma- 
jor GAD65-specific epitopes to amino acids 84-360 
and 437-570. By combining the regions identified in 
the two studies, the two major GAD65-specific anti- 
body epitopes can be located to amino acids 240-360 
and amino acids 451-570. We demonstrate that the 
361-436 region is not critical for IDDM-related auto- 
antibodies since the immunoreactivity of our 
GAD65-M + C chimaera proved to be indistinguish- 
able from that of GAD65. 

Although neither the structure of GAD65 nor that 
of GAD67 has been determined, it is important to 
note that most of the GAD65Ab-positive sera were 
also reactive with the chimaeras used to evaluate the 
M as well as the C GAD65 epitopes. Since the 
GAD65 antibodies are conformation-dependent, a 
loss in antibody reactive structure would have re- 
sulted in a majpr loss of reactivity with the chimaeric 
molecules. Our data from a large number of 
GAD65 Ab-positive IDDM sera suggest that the use 
of GAD65/GAD67 chimaeric molecules is successful 
in localizing conformation-dependent G AD65 Ab epi- 
topes. However, further experiments are needed to 
determine the importance of the GAD65 N-terminal 
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sequences to influence the conformation of the pro- 
posed M epitope. Additionally, as in our study only 
epitope regions have been detected further studies 
are needed to determine if each of the two regions 
can be dissected into multiple epitopes. 

In our study we demonstrate the presence of a 
third distinct GAD antibody specificity directed to 
an epitope common to both GAD65 and GAD67. 
In a study on Japanese IDDM patients [11] we 
showed that GAD67Ab were displaced by an excess 
of recombinant human GAD65. Similarly, in the 
present study, most GAD67Ab-positive sera were 
highly GAD65 Ab-positive. However, the fact that 
only 44% of the high-level GAD65Ab-positive sera 
(GAD65 index > 0.6) were GAD67 Ab-positive 
demonstrates that the presence of GAD67Ab iden- 
tifies a subgroup of IDDM patients carrying a dis- 
tinct antibody specificity. It is noteworthy that Tu- 
omi et al. [32] reported that only a fraction of high- 
level GAD65Ab-positive IDDM sera reacted with 
denatured GAD65 by immunoblotting. An intrigu- 
ing hypothesis is the possibility that sera reacting 
with denatured GAD have GAD67Ab, probably di- 
rected to linear epitopes. Additionally, it should be 
noted that in patients with other autoimmune dis- 
eases, such as Graves' disease, specific GAD67Ab 
have been detected [33], in the absence of GAD65 
Ab. The reason why only a few IDDM patients 
have GAD65Ab cross-reacting with GAD67 is yet 
to be clarified. 

Our analysis of 155 IDDM sera allowed us to un- 
equivocally demonstrate that the two GAD65-spe- 
cific antibody specificities are associated in more 
than 83% of GAD65 Ab-positive IDDM patients. 
Hie presence of specific antibodies to either the mid- 
dle or the carboxy-terminal domain of GAD65 is a 
rare event and may be related to the sensitivity of 
the antibody assay. The demonstration of high conser- 
vation of G AD65 Ab epitopes in IDDM patients is of 
particular interest to our understanding of the molec- 
ular mechanisms of autoantibody formation. It is still 
unclear whether the appearance of GAD65Ab pre- 
cedes or follows beta-cell destruction. We recently 
demonstrated [21] that no antibodies to the proinsu- 
lin converting enzyme PC-2 (highly expressed in hu- 
man beta cells) can be found in IDDM patients, sug- 
gesting that the autoantibody response does not in- 
volve all beta-cell autoantigens. Our data suggest a 
conserved oligoclonal activation of B -lymphocytes in 
IDDM, and thereby supports the hypothesis that 
GAD65Ab formation is strongly related to the 
pathogenesis of the disease. 

In addition, we tested the sera from nine GAD- 
65Ab-positive healthy children not progressing to 
IDDM in an 8-year follow-up (M Landin-Olsson, un- 
published data). Our study is unique in this regard 
since no information is available on epitope mapping 
of GAD65 Ab present in healthy individuals. 



Although the GAD65 antibody epitopes detected 
in the nine GAD65Ab-positive healthy subjects 
were indistinguishable from those observed in the 
IDDM patients, GAD65-C-Ab index levels were sig- 
nificantly higher in IDDM patients than in healthy 
control subjects. A high frequency of IDDM-related 
epitope specificities among currently healthy 
GAD65 Ab-positive children is not unexpected since 
approximately 10% of GAD65 Ab-positive school- 
children eventually develop IDDM. Our results sug- 
gest that progression to IDDM may be associated 
with an increase in epitope-specific GAD65 Ab. 

In conclusion, we have shown that IDDM GAD65 
Ab are directed to conformational epitopes located 
in two regions of GAD65, namely GAD65 84 _ 360 and 
GAD65 437 _ 585 . Accordingly, the high degree of con- 
servation of GAD65Ab epitope regions among 
IDDM patients suggests that the epitope-restricted 
GAD65Ab formation is strongly related to the 
pathogenesis of the disease, and that progression to 
IDDM may be associated with an increase in epi- 
tope-specific GAD65Ab. Further studies using high 
resolution epitope mapping are needed to further in- 
vestigate this possibility. 
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